Context: Inflammatory cytokines or cytokine inducers can alter basal ganglia activity, including reducing responsiveness to rewarding stimuli that may be mediated by cytokine effects on dopamine function.
R
ECENT DATA SUGGEST THAT inflammation and release of inflammatory cytokines may be involved in the pathogenesis of neuropsychiatric disorders, including major depression. 1 To further understand mechanisms by which cytokines affect the brain and behavior, investigators have used neuroimaging strategies to examine neurocircuits that may be associated with neuropsychiatric symptoms during inflammatory exposure.
One brain region that has consistently been implicated in the impact of cytokines on the brain is the basal ganglia. Using the inflammatory cytokine inter-feron alfa and positron emission tomography (PET), early studies [2] [3] [4] demonstrated that interferon alfa administration was associated with significant increases in the metabolism of fluorodeoxyglucose F 18 throughout basal ganglia nuclei in patients with malignant melanoma and patients with hepatitis C, consistent with findings in Parkinson disease (PD). Interferon alfa-induced increases in basal ganglia glucose metabolism were, in turn, associated with fatigue. 2 Studies using functional magnetic resonance imaging (fMRI) have also shown altered activation patterns in basal ganglia after administration of inflammatory stimuli, including typhoid vaccination and endotoxin.
For example, during a task of low-level visual stimulation, healthy volunteers vaccinated with Salmonella typhi exhibited increased neural reactivity in substantia nigra, which was correlated with psychomotor slowing and increased plasma concentrations of interleukin 6. 5 In addition, administration of endotoxin to healthy volunteers was shown to reduce basal ganglia (ventral striatum) activation during a monetary reward task. 6 Moreover, endotoxin-induced increases in depressed mood were mediated by between-group decreases in ventral striatal responses to monetary reward cues. 6 These alterations in basal ganglia function may be secondary to the impact of inflammatory stimuli on the function of relevant monoamine neurotransmitters, including dopamine. Dopamine has a fundamental role in basal ganglia circuitry, including a primary role in stimulusreward-response associations and motor activity. 7, 8 Chronic administration of interferon alfa to rhesus monkeys was shown to lead to depressive-like huddling behavior that was associated with significant reductions in the dopamine metabolite homovanillic acid. 9 Huddling behavior was first described in rhesus monkeys that were chronically administered the monoamine depleting drug reserpine. 10 Clinical observations in patients receiving interferon alfa for chronic hepatitis C have also documented Parkinson-like symptoms, which were relieved by treatment with the dopamine precursor levodopa, providing further evidence of the impact of interferon alfa on dopamine function. 11, 12 Based on these findings, the aim of the present study was to further examine the mechanisms by which inflammatory stimuli affect basal ganglia activity, with special emphasis on the impact of inflammatory cytokines on dopamine function. Accordingly, we studied patients with hepatitis C virus (HCV) undergoing longterm treatment with interferon alfa. As noted, interferon alfa has been shown to alter basal ganglia activity and reduce dopamine function in humans and nonhuman primates and has been associated with significant behavioral alterations, including depression, fatigue, and motor slowing, in numerous studies. 9, [13] [14] [15] [16] [17] [18] [19] [20] Moreover, interferon alfa has been shown to access the brain and decrease monoamine metabolism through activation of a central inflammatory response that includes increased cerebrospinal fluid concentrations of interleukin 6. 9, 21 To establish interferon alfa effects on basal ganglia activity, we first undertook an fMRI study to examine the basal ganglia response to hedonic reward during a gambling task previously shown to activate relevant basal ganglia nuclei (ventral striatum). 22 To determine the potential role of presynaptic striatal dopamine function in the observed effects, we also conducted a PET study to examine uptake and turnover of radiolabeled fluorodopa F 18 ( 18 F-dopa). Together, these complementary neuroimaging strategies provided a comprehensive assessment of basal ganglia activity and dopamine function in the context of long-term cytokine exposure and allowed testing of the hypothesis that interferon alfa would reduce hedonic tone and decrease presynaptic striatal dopamine function in association with interferon alfa-induced behavioral changes.
METHODS

PATIENTS
Thirty-five men and women with HCV were included in the fMRI and PET studies. To qualify, patients were required to be serum positive for anti-HCV antibodies or HCV-RNA positive by reverse transcription-polymerase chain reaction. The exclusion criteria included unstable cardiovascular, endocrine, hematologic, renal, or neurologic disease (determined by physical examination and laboratory test results); human immunodeficiency virus infection (reported by patients' treating physicians); decompensated liver disease; liver disease from any cause other than HCV; a history of schizophrenia or bipolar disorder or a diagnosis of major depression within 6 months of study enrollment (as determined by the Structured Clinical Interview for DSM-IV) 23 ; and a score of less than 28 on the Mini-Mental State Examination, 24 indicating cognitive impairment. All the patients had discontinued using antidepressant, antipsychotic, or mood stabilizer medications for at least 4 weeks before brain imaging, except for 1 patient in the 18 F-dopa study who required escitalopram, 20 mg/d, for depression during interferon alfa treatment. Participants were allowed to take zolpidem tartrate for sleep (n=5), but this use was discontinued at least 24 hours before imaging. No patients discontinued antidepressant medication for the purpose of study participation. In addition, patients with a history of alcohol or psychoactive substance abuse or dependence in the past year as determined by the Structured Clinical Interview for DSM-IV were excluded from the study. Urine drug screenings were conducted before all the brain imaging to rule out active substance abuse. Participants provided written informed consent, and study procedures were approved by the Emory University institutional review board.
ASSESSMENT OF BASAL GANGLIA RESPONSE TO A HEDONIC STIMULUS USING fMRI
Twenty-eight right-handed patients with HCV as described previously herein participated in the fMRI study. Participants included 14 patients with HCV treated with a combination of interferon alfa plus ribavirin for a mean (SEM) of 36.4 (2.9) days (treatment group) vs 14 patients with HCV awaiting combination therapy of interferon alfa and ribavirin (controls). Patients in the interferon alfa treatment group received either pegylated interferon alfa-2b (Pegintron; Schering-Plough), 1.5 µg/kg weekly (n=2), or pegylated interferon alfa-2a (Pegasys; Roche) (n=12), 180 µg weekly, both administered subcutaneously. Interferon alfa-treated patients also received oral ribavirin (800-1400 mg/d). Participation in the treatment group vs the control group was determined by patients and their treating physicians and was not based on standardized criteria or controlled by study protocol. The most common reason for delaying interferon alfa treatment was scheduling preference and was unrelated to issues involving time since sustained abstinence from drug abuse or history of psychiatric disease. No significant differences were noted between the interferon alfatreated and control groups for mean (SD) age (43.6 [9.5] fMRI Task A previously published gambling task that proved effective in eliciting specific activation of basal ganglia structures was adapted for the study. 22 In the task, participants had to guess which of 2 cards was "red" (hearts or diamonds) by pressing 1 of 2 buttons on an MRI response box held in their right hand. Two seconds into the trial, the selected card was turned over, and, depending on its color, the participant either won (red) or lost (black) $1. Unbeknownst to the patient, the sequence of wins and losses was temporally arranged as a noisy sinusoid with a slow linear trend that favored wins over time. This procedure allowed for experimental control of the task while masking the deterministic nature of the game from the participant, thereby eliciting a realistic feeling of gambling. At the beginning of the game, each participant started with a credit of $16 and ended with a total win sum of $23, which the volunteer believed was contingent on his or her specific gambling choice but was, in fact, fixed for all participants.
Clinical Assessments
Clinical assessments included measurements of depression, anhedonia, fatigue, and symptoms of neurotoxicity, including sickness, cognitive dysfunction, and motor symptoms. Depression was assessed using the observer-rated Montgomery-Asberg Depression Rating Scale, a 10-item scale that includes measures of sadness, inner tension, concentration difficulties, inability to feel, pessimistic thoughts, suicidal thoughts, reduced sleep, reduced appetite, and lassitude. 25 Anhedonia was assessed using the 14-item self-rating Snaith-Hamilton Pleasure Scale, with higher values corresponding to more severe anhedonia. 26 Fatigue was assessed using the Multidimensional Fatigue Inventory, a 20-item self-rating scale yielding specific subscales for general fatigue, physical fatigue, reduced activity, reduced motivation, and mental fatigue, with the total score of each subscale ranging from 4 (best) to 20 (worst). 27 Finally, interferon alfa-induced neurotoxicity was assessed using the Neurotoxicity Rating Scale, 28,29 a 39-item self-report questionnaire with questions rated from 0 (not present) to 4 (extremely severe) that has been used to measure symptoms experienced by patients exposed to chronic inflammatory stimuli, including interferon alfa. For data analysis, Neurotoxicity Rating Scale symptoms were grouped into 3 symptom domains: sickness (tiredness/fatigue, fever, sick feeling, body aches, joint/ muscle pain, and headaches), cognitive symptoms (difficulty making decisions, distractibility, episodes of confusion, wordfinding problems, and memory problems), and motor symptoms (motor slowing, walking problems, and tremor/ shakiness), as described elsewhere. 29, 30 fMRI Processing and Analysis All the MRI data were collected using a 3-T scanner (Siemens Trio; Siemens Medical Solutions) using 3 functional runs (gradient echo-planar imaging; repetition time, 2.35 seconds; echo time, 28 milliseconds; 135 volumes; voxel size, 3-mm isotropic, 64ϫ64 voxel matrix; 35 sections) and a high-resolution T1-weighted anatomical scan (MPRAGE; repetition time, 2.3 seconds; echo time, 3.02 milliseconds; 1-mm isotropic voxels; whole-brain coverage) (eAppendix 1; http://www .archgenpsychiatry.com). All fMRI processing was performed using the AFNI (Analysis of Functional NeuroImages) software package. 31 To select relevant regions of interest (ROIs), a whole-brain voxelwise t test was performed comparing the mean value for the win-lose contrast across all the patients to 0. The statistical threshold for significance was set at a single-voxel PϽ.005 and cluster size kՆ19 voxels, as determined by a Monte Carlo simulation of cluster size distribution under the null hypothesis (using the AFNI routine 3dClustSim) to yield an experiment-wise (corrected) ␣ Ͻ .05. 32 Using this procedure, 20 clusters were identified. Two significant clusters in the basal ganglia corresponding to the right and left ventral striatal regions were selected as ROIs (Figure 1A) . These clusters were 146 and 119 voxels in size, corresponding to 146 ϫ 27 mm 3 and 119 ϫ 27 mm 3 , respectively (voxel size = 3 ϫ 3 ϫ 3 mm). The stereotactic coordinates of the peak voxels in these clusters were x = 13.5, y = 4.5, z = −3.5 and x = −10.5, y = 4.5, z=−3.5, respectively. The ventral striatum was defined as the inferior aspect of the corpus striatum where the caudate and the putamen join.
Statistical Analysis
Evoked activity in the ventral striatum (right, left, and bilateral) was determined by averaging the estimated percentage of blood oxygen level-dependent signal change corresponding to the win-lose contrast across all ROI voxels. Results were compared between interferon alfa-treated and untreated patients with HCV by a 2-sample t test. Neuropsychiatric scores were also compared between groups using the same analytic strategy. Relationships between evoked ventral striatal activity and neuropsychiatric symptoms were assessed using Bravais-Pearson correlations.
ASSESSMENT OF PRESYNAPTIC STRIATAL DOPAMINE FUNCTION USING PET
This study enrolled 12 patients with HCV (10 right-handed and 2 left-handed, including 5 individuals who also participated as interferon alfa-treated patients in the fMRI study) who fit the inclusion and exclusion criteria described previously herein 
PET Scanning and Image Preprocessing
Presynaptic dopamine function was assessed by 18 F-dopa PET at baseline (before initiation of interferon alfa; visit 1) and after a mean (SEM) of 41.2 (5.2) days of interferon alfa administration (visit 2). Time taking interferon alfa did not differ from that in the fMRI study (P=.43). All the patients were required to fast for 4 hours before PET to stabilize neutral amino acid levels. One hour before injection of 18 F-dopa, patients were given a combination of oral carbidopa, 150 mg (decarboxylase inhibitor), and oral entacapone, 400 mg (catechol-Omethyltransferase inhibitor), to prevent early decarboxylation and breakdown of 18 F-dopa. Before scanning, participants had an intravenous catheter inserted into an antecubital vein for tracer injection. After a transmission scan for attenuation correction and injection of 5.0 mCi of 18 F-dopa, patients underwent 94-minutelong PET (four 1-minute frames, three 2-minute frames, three 3-minute frames, and fifteen 5-minute frames) (eAppendix 2). The ROIs for the left and right putamen and the caudate nucleus along with the occipital cortex were identified by the LONI probabilistic brain atlas after conversion to Montreal Neurological Institute sterotactic space. 33 Time activity curves were computed from the scans after spatial normalization to Montreal Neurological Institute space using the software package SPM5 by computing a weighted average of each frame's voxel intensities according to probability values encoded in the atlas ROIs.
Estimation of F-Dopa Uptake Rate
Using the Patlak graphical method, 34, 35 Ki, the F-dopa uptake rate constant, was determined based on values starting from 24 minutes to the end of scanning (except for 1 patient where the interval for graphical fitting was restricted from 24 to 64 minutes due to excessive motion at the end of scanning).
Estimation of Effective Dopamine Turnover
Effective dopamine turnover values were computed for ROIs using the occipital cortex as reference tissue, limiting the graphi-cal fit to the interval 24 to 94 minutes (again except for 1 patient: 24-64 minutes due to excessive motion). 36 Note that the Patlak method, which was used to derive the uptake rate constants, assumes that 18 F-dopa is irreversibly bound, whereas the reference tissue approach described by Sossi et al 36 assumes some degree of loss. To verify that uptake results using the Patlak approach were similar when loss was factored in, uptake rate constants were computed using the full reference tissue model. 37 The effects of interferon alfa on uptake rate constants were still significant when derived using the full reference tissue model (data not shown).
Clinical Assessments
The clinical scales as described for the fMRI study were used to assess neuropsychiatric symptoms before and during interferon alfa administration.
Statistical Analysis
Changes in 18 F-dopa uptake rates and turnover and neuropsychiatric symptoms between visit 1 (baseline) and visit 2 (study follow-up) were assessed using paired t tests. Relationships between 18 F-dopa kinetics in specific ROIs and neuropsychiatric symptoms were assessed using Bravais-Pearson correlations. To examine potential vulnerability markers for the development of interferon alfa-induced neuropsychiatric symptoms, correlations were performed between baseline 18 F-dopa uptake rates and turnover and longitudinal changes in neuropsychiatric symptoms (visit 2−visit 1). All the probabilities were 2-tailed, with an ␣ level of PϽ.05.
RESULTS
INTERFERON ALFA-INDUCED ALTERATIONS IN VENTRAL STRIATAL RESPONSE AND RELATIONSHIP WITH NEUROPSYCHIATRIC SYMPTOMS
Patients undergoing interferon alfa therapy for 4 to 6 weeks exhibited significantly lower activation in the ventral striatum (right, left, and bilateral) during winning trials relative to losing trials compared with untreated patients with HCV (right side: 0.158 vs 0.075, P =.008; left side: 0.145 vs 0.071, P=.006; and bilateral: 0.151 vs 0.073, P=.005) ( Figure 1B) . Results were unchanged when controlling for history of depression, substance abuse, and stimulant abuse, alone or combined (PՅ .01 for all). In addition, interferon alfa-treated patients exhibited higher neuropsychiatric scores than did untreated patients, with the greatest differences being in scales assessing depressive symptoms and anhedonia ( Table 1 ). In all the participants, reduced evoked activity in the ventral striatum was associated with increased intensity of neuropsychiatric symptoms, with the highest correlations occurring in association with reduced motivation, reduced activity, and depression (Table 2 and Figure 2) . Similar relationships were observed for ROIs in the right and left ventral striatal regions and in the combined, bilateral ROI. Significant correlations between ventral striatal activity (right, left, and bilateral) and Montgomery-Asberg Depression Rating Scale scores persisted after removing scale items related to anhedonia and fatigue. ARCH GEN PSYCHIATRY/ VOL 69 (NO. 10), Finally, correlation coefficients between ventral striatal activity and symptoms were similar in interferon alfatreated and control groups when examined separately, with no significant differences in slopes between groups (data not shown). Figure 3 shows PET scans depicting mean uptake in the sample as a whole before and during interferon alfa treatment. Treatment with interferon alfa was associated with significant bilateral increases in 18 F-dopa uptake in caudate and putamen (Table 3, Figure 3 , and Figure 4A ). Dopamine turnover was also altered by interferon alfa administration, with a significant decrease in caudate and putamen (Table 3 and Figure 4B ). No differences were found between patients with and without a history of depression, substance abuse, or stimulant abuse, alone or combined (P Ͼ .15 for all). To examine whether interferon alfa treatment altered 18 F-dopa uptake and turnover in the same brain regions where activation differences were found in the fMRI study, 18 Fdopa uptake and turnover were measured in the ventral striatal ROIs from the fMRI study. Significant increases in 18 F-dopa uptake and decreases in 18 F-dopa turnover were found in the right, left, and bilateral ventral striatal regions (P Ͻ .05 for all) (eFigure 1). Finally, regional differences in 18 F-dopa uptake before vs during interferon alfa administration exhibited a striking overlap with the ventral striatal regions that showed a significant difference between interferon alfa-treated and control participants in the fMRI response to the gambling task (eFigure 2).
INTERFERON ALFA-INDUCED ALTERATIONS IN 18 F-DOPA UPTAKE AND TURNOVER AND RELATIONSHIP WITH NEUROPSYCHIATRIC SYMPTOMS
BASELINE PRESYNAPTIC STRIATAL DOPAMINE FUNCTION AND INTERFERON ALFA-INDUCED BEHAVIORAL CHANGES
Presynaptic striatal dopamine function at baseline correlated significantly with the development of interferon alfa-induced neuropsychiatric symptoms (visit 2 − visit 1). Lower 18 
CHANGE IN 18 F-DOPA UPTAKE AND TURNOVER AND INTERFERON ALFA-INDUCED BEHAVIORAL SYMPTOMS
Because of the significant relationship between dopamine activity at baseline and development of neuropsychiatric symptoms during interferon alfa therapy, the relationship between interferon alfa-induced changes in dopamine function and symptoms was assessed controlling for 18 F-dopa baseline values (percentage change from baseline computed as [treatment − baseline / baseline] ϫ 100). Results indicated that percentage change in 18 F-dopa uptake in caudate and putamen from baseline was not associated with the development of neuropsychiatric symptoms during interferon alfa treatment (visit 2 − visit 1) but was predictive of symptom intensity at visit 2 during interferon alfa treatment. A greater percentage increase in 18 F-dopa uptake in the caudate nucleus during interferon alfa therapy was associated with more intense symptoms of mental fatigue (R = 0.578, P = .049) and sickness (R = 0.587, P = .045) at 4 to 6 weeks of interferon alfa therapy. Similarly, a greater percentage increase in 18 F-dopa uptake in the putamen during interferon alfa treatment was associated with more intense symptoms of sickness at visit 2 (R = 0.619, P = .03). No correlations were found between percentage change in 18 F-dopa turnover and development of neuropsychiatric symptoms (visit 2 − visit 1) or symptoms at visit 2 during interferon alfa administration. Moreover, no significant correlations were found between change in 18 F-dopa uptake or turnover (visit 2 − visit 1) and development of neuropsychiatric symptoms (visit 2 − visit 1). COMMENT Data reported herein replicate previous findings using fMRI that inflammatory stimuli are associated with decreased basal ganglia activity involving hedonic reward circuitry, which correlated with behavioral alterations, including anhedonia, depression, and fatigue. 2, 5, 6 In addition, the present findings extend these data by demonstrating that presynaptic striatal dopamine function is directly affected by inflammatory cytokines, such as interferon alfa, as manifested by increased uptake and decreased turnover of the radiolabeled dopamine precursor 18 F-dopa in ventral striatal regions that corresponded to those found to differ between interferon alfa-treated and control participants in the fMRI study. Together, these findings provide further evidence that inflammatory stimuli, including inflammatory cytokines, target basal ganglia and dopamine function to induce behavioral changes associated with inflammation in humans. Despite overlap of interferon alfa-induced behavioral changes with PD and induction of frank Parkinson-like symptoms in some interferon alfa-treated patients, the findings of increased uptake of 18 F-dopa after interferon alfa administration is in stark contrast to the decreased 18 Fdopa uptake seen in the basal ganglia of patients with PD. Decreased 18 F-dopa uptake in PD is believed to be a function of loss of dopaminergic neurons or their projections throughout the basal ganglia. [38] [39] [40] Thus, increased 18 Fdopa uptake after interferon alfa administration suggests that neuronal loss is absent or is in such an early stage that only compensatory metabolic changes are apparent. Indeed, in early-stage PD, increased 18 F-dopa uptake has been reported in the frontal cortex, ostensibly reflecting compensation for neuronal loss in the basal ganglia. 39, 41 Also, in contrast to PD, interferon alfa administration was associated with decreased dopamine turnover. In PD, although uptake is low owing to loss of dopaminergic neurons, the neurons that are available to uptake dopamine exhibit rapid turnover, indicating that synthesis and release is intact (or even increased) in surviving cells. 40, 42 Nevertheless, although increased uptake was observed dur-ing interferon alfa treatment, there was no evidence of complementary increased turnover, suggesting impaired dopamine release or increased dopamine reuptake.
Given that 18 F-dopa is capable of passive entry into relevant dopaminergic neurons (as opposed to requiring active uptake through the dopamine transporter), the increased uptake of 18 F-dopa coupled with decreased turnover/release suggests that during interferon alfa administration, 18 F-dopa is being synthesized into dopamine by aromatic amino acid decarboxylase (AADC) in dopaminergic nerve terminals but is then being trapped. 40 The presence of enhanced 18 F-dopa uptake provides evidence that AADC activity is intact or increased given that 18 F-dopa uptake is severely impaired in AADC deficiency. 43 An increase in synthetic activity of AADC is seen after dopamine depletion with reserpine 44 and, there- Relationship between activation in the ventral striatum and reduced motivation. Neural activation in the ventral striatum was assessed by blood oxygen level-dependent (BOLD) responses in the win-lose condition of a gambling task using functional magnetic resonance imaging in patients with hepatitis C virus receiving interferon alfa for 4 to 6 weeks (white dots) and those awaiting interferon alfa treatment (black dots). Significant correlations were found between ventral striatal activation and reduced motivation as measured by the Multidimensional Fatigue Inventory (MFI) (P Ͻ .001 in all cases). fore, may represent a compensatory response to an interferon alfa-induced disruption of upstream enzyme machinery responsible for production of dopa, including reduced activity of tyrosine hydroxylase, which converts tyrosine to dopa or phenylalanine hydroxylase, which converts phenylalanine to tyrosine. Tetrahydrobiopterin (BH4) is an essential cofactor for both of these enzymes while also being a cofactor for nitric oxide (NO) synthase, which converts arginine to NO. 45 Of relevance to interferon alfa and inflammation, BH4 is very labile and highly sensitive to inflammation-induced oxidative stress and nonenzymatic oxidation, which leads to irreversible degradation of BH4 to dihydroxyanthopterin. 45 In addition, BH4 can be consumed in the context of inflammation-induced production of NO. 45 For example, intramuscular injection of interferon alfa to rats has been shown to decrease central nervous system concentrations of BH4 through stimulation of NO. 46 Treat-ment with an inhibitor of NO synthase was found to reverse interferon alfa's inhibitory effects on brain concentrations of BH4 and dopamine. Interleukin 6, which is increased in cerebrospinal fluid after interferon alfa administration, 21 also has been shown to reduce BH4 content in sympathetic neurons. 47 Another mechanism that may contribute to observed alterations in dopamine function during interferon alfa treatment, in particular decreased dopamine turnover, is impaired dopamine release. One factor particularly relevant in this regard is kynurenic acid. Kynurenic acid is synthesized in astrocytes from kynurenine, which is generated from the breakdown of tryptophan by the enzyme indoleamine 2,3-dioxygenase (IDO). 48 Evidence of IDO activation as reflected by decreased peripheral blood tryptophan levels and increased kynurenine levels has been repeatedly associated with depressive symptoms in interferon alfa-treated patients, 49, 50 has shown that a polymorphism in the promoter region of the IDO gene predicts depressive symptoms during interferon alfa therapy. Interferon alfa administration has been shown to lead to increased kynurenine and kynurenic acid concentrations in cerebrospinal fluid of interferon alfa-treated patients with HCV. 52 Relevant to dopamine turnover, intrastriatal administration of kynurenic acid to rats has been shown to lead to marked reductions in extracellular dopamine that can be reversed by the allosteric alpha-7 nicotinic acetylcholine receptor agonist galantamine. 53 These effects of kynurenic acid are believed to be related to inhibition of dopamine release through inhibition of glutamate release by blocking the alpha-7 nicotinic acetylcholine receptor. 53 Glutamate is an important regulator of dopamine release. 54 Another pathway that may be involved in decreased dopamine turnover during exposure to inflammatory stimuli, such as interferon alfa, is increased dopamine reuptake, thereby serving to concentrate radiolabeled dopamine in the nerve terminal. Data suggest that activation of cytokine signaling pathways, including components of the mitogen-activated protein kinase cascade, can lead to significant increases in activity and expression of monoamine transporters, including the dopamine transporter. 55, 56 For example, human dopa-mine transporter-expressing cells transfected with a constitutively activated mitogen-activated protein kinase kinase exhibit increased dopamine reuptake, whereas treatment of rat striatal synaptosomes with mitogenactivated protein kinase kinase inhibitors was associated with decreased dopamine reuptake in a concentration-and time-dependent manner. 55 Regarding the relationship of basal ganglia changes with behavior, the correlation of reduced neural activation to hedonic reward with depression, anhedonia, and fatigue is not surprising given the importance of this neurocircuit in motivation and motor activity. However, reduced 18 F-dopa uptake at baseline was predictive of interferon alfa-induced behavioral changes, indicating that dopaminergic tone may also serve as an important vulnerability factor regarding the impact of cytokines on behavior.
Several strengths and limitations warrant consideration. Regarding strengths, the study capitalized on administration of a standardized chronic inflammatory stimulus to a population of individuals who were free of psychotropic medications or unstable medical illness. Moreover, in the PET study, each patient served as his or her own control in a pre-post design, although lacking a test-retest control group limits the ability to assess potential effects of time and repeated exposure to the scan- . Fluorodopa F 18 ( 18 F-dopa) uptake and effective dopamine turnover before (black dots) and during (white dots) interferon alfa therapy. Patients with chronic hepatitis C virus were administered 18 F-dopa followed by positron emission tomography before (visit 1) and after 4 to 6 weeks of interferon alfa treatment (visit 2). A, The 18 F-dopa uptake (Ki [1/min]) was measured using the Patlak method (see the "Methods" section) in putamen and caudate. Significant increases in 18 F-dopa uptake were found during interferon alfa administration compared with baseline (putamen: P Ͻ .005 for all; caudate: P Ͻ .05 for all) (Table 3) , B, Effective dopamine turnover (EDT) was calculated by the method of Sossi et al 36 (see the "Methods" section) in putamen and caudate. Significant decreases in EDT were found during interferon alfa administration compared with baseline (putamen: P Ͻ .005 for all; caudate: P Ͻ .05 for all) ( Table 3 ).
ARCH GEN PSYCHIATRY/ VOL 69 (NO. 10), OCT 2012 ning environment. Finally, the consistency of results regarding the impact of interferon alfa on the basal ganglia across experimental paradigms (eg, fMRI and PET) in conjunction with the consistency of results with studies using other inflammatory stimuli (eg, typhoid vaccination and endotoxin) supports the generalizability of the findings. Regarding limitations, all the patients were infected with hepatitis C and were receiving ribavirin. In addition, several patients had a history of substance abuse, including a history of stimulant abuse, which could have long-term effects on dopamine function. Therefore, it is possible that these factors may have contributed to the observations reported herein. Nevertheless, in the fMRI study, the groups were balanced regarding representation of patients with a history of stimulant abuse, and similar results were obtained in both studies when history of stimulant abuse was considered in the statistical analyses. Moreover, note that interferon alfa administered in isolation to patients with cancer without infection (or ribavirin treatment or a history of substance or stimulant abuse) led to similar alterations in basal ganglia function as measured by PET. 2 Also note that the sample sizes for these studies were modest and, therefore, only large effect sizes could be detected. Finally, we did not routinely obtain blood or cerebrospinal fluid samples from these patients, so it is impossible to correlate neuroimaging findings with measures of dopamine and its metabolites or cytokines.
In summary, the present studies replicate and extend previous work on the effects of inflammatory stimuli on basal ganglia by demonstrating involvement of presynaptic striatal dopamine function as an important target of basal ganglia cytokine effects. In addition, the findings suggest that effects of cytokines and inflammation on dopamine function may involve a variety of mechanisms, including impairment in dopamine synthesis, release, or reuptake. Finally, the data indicate that one mechanism by which cytokines may contribute to anhedonia, fatigue, and other behavioral changes seen during depression may be due to effects on dopamine function. Further understanding of the mechanisms of these effects of cytokines on dopamine function may, in turn, lead to new treatments for depression, especially in patients with increased inflammation. 
